Abstract Recent debates have discussed whether a species-approach or an ecosystemapproach is better for protecting biodiversity. Rather than perpetuate this debate, we argue that critical new scientific and conservation insights arise from combining and integrating approaches along a continuum. We present a suite of case studies and other examples, which highlight the value and synergies derived from an integrated approach for developing management-relevant understanding aimed at protecting biodiversity. Attempts to conserve biodiversity should therefore be multi-faceted in approach and thinking. They also should be long-term as well as driven by well-developed questions focused on closing key knowledge gaps.
Introduction
A very large number of species are going extinct. Efforts to prevent extinction are often not successful, especially because the multiple causative factors are so difficult to tackle simultaneously. Recovery planning processes often lag behind the extinction event. Is there an alternative way to resolve what some have projected to become the 6th mass extinction of species in Earth's history? Is there a way to conserve more biodiversity that is more effective, more cost efficient, and more integrated? Despite numerous pleas to consider different approaches (species, community, ecosystem, landscape, ''hotspots'') for conservation and management (e.g. Beechie et al. 2008; Ehrenfeld 2000; Hobbs et al. 2009 Hobbs et al. , 2010 Seastedt et al. 2008; Woodwell 2010) , much recent debate has centered on whether species-based or ecosystem-based study should be the major focus for biodiversity conservation efforts. Several theoretical and practical arguments have been made on both sides of this debate, but unfortunately, it seems that two distinct groups of protagonists have developed (see Hunter 1993; Jones and Lawton 1995; Simberloff 1998 ). Thompson (2010) recently argued there was a need to move more or less exclusively to an ecosystem approach, focusing especially on ecosystems that are useful for humanity. In Thompson's view, traditional conservation approaches would be abandoned, and biodiversity conservation, such as the ''preservation'' of rare species would be an ''added bonus'' or a by-product of a utilitarian approach to ecosystem management (Thompson 2010) . Others (see e.g. Marris 2007 ) have argued that prioritization either on a species or an ecosystem approach is necessary and the most pragmatic given the urgency of the problem and limited availability of time and financial resources.
In this study, we argue that an ''either/or'' focus on species or ecosystems fails to recognize: (1) the plethora of management-relevant issues associated with biodiversity conservation; (2) research and management for biodiversity conservation are best conceptualized as a continuum rather than as separate ecosystem-based and species-based ''silos''; (3) that critical synergies and insights arise when ecosystem-based and speciesbased research and management are linked and integrated; and (4) the conceptual base for broad philosophical concepts like the land ethic (Leopold 1949) is not supported by an either/or approach. We contend that such integration broadens the context of research, monitoring and management, and increases the potential for making such an integrated approach more relevant to biodiversity conservation.
We first briefly review some of the recent debates about species versus ecosystem approaches to conservation management. We then highlight some of the problems created by focusing solely on one approach and counter with a brief discussion of the values and synergies, which arise from doing both kinds of study within a continuum. Third, we illustrate the benefits to understanding from an integrated approach with case studies. Finally, based on our experience in working on major, large-scale, long-term research projects, we outline several key lessons associated with developing a continuum approach to conservation management and the protection of biodiversity. We define biodiversity broadly as the number of genes, individuals, demes, populations, metapopulations, species, communities, ecosystems and the interactions among these entities (Bunnell 1998 ).
Species-approach versus ecosystem-approach debates
It should go without saying that an integrated, comprehensive effort is needed to meet the vital, yet complicated, goal of conserving biodiversity. But, in fact, arguments abound in the literature for a species-only or an ecosystem-only approach, usually based on the de facto pragmatism that time and finances do not allow for both. Philosophically, we do not accept this purported pragmatic argument, and thus present our argument for an integrated approach for conserving biodiversity.
An alternative to a species-by-species approach is to do ecosystem management where attempts are made to protect and conserve target habitats and key ecosystem processes in the hope of conserving species by default. For example, in an opening address to the 10th International Congress of Ecology (INTECOL) in Brisbane in 2009, the then Australian Minister for the Environment, Water, Heritage and the Arts, the Hon. Peter Garrett MP, stated that ''a species-by-species approach to the protection of biodiversity can give too narrow a perspective to inform an effective policy response … [and] that it was time to take a whole-of-ecosystem approach…if we are to halt biodiversity decline. … Over time, we will have to put more emphasis on ecosystems and how they function rather than species and the places where they were last seen'' (Garrett 2009 ). The Minister's call for dispensing with species study and refocusing on ecosystem approaches is understandable from a government Minister burdened with managing and protecting a very large number of critically endangered, endangered, vulnerable and conservation dependent species (*1,668 such species in Australia as of February 2012; Department of Sustainability Environment Water Population and Communities 2012). Also in Australia, the Commonwealth Scientific and Industrial Research Organization (CSIRO) stated in 2006, regarding its science investment process, that in the future conservation investments would need to focus on ecosystem approaches and largely dispense with traditional, singlespecies study (CSIRO 2006) . Such thinking about an ecosystem-only approach has become a model for many researchers and managers throughout the world, who are overwhelmed in trying to deal with a rapidly increasing number of individual species facing local and/or global extinction. Support for an ecosystem approach to the difficult problem of protecting biodiversity then arises largely from the current frustration on the part of many managers and agencies to respond quickly and responsibly to the glut of threatened and endangered species needing protection and with limited funding to protect increasing numbers of individual species. However, this dilemma begs the question whether a single focus is valid or wise in attempts to protect and maintain biodiversity? We believe not.
Problems with a narrow focus on a single approach
In Table 1 we identify an array of strengths and limitations of ecosystem-based versus species-based research and management for biodiversity conservation. These strengths and limitations make it clear that while the pursuit of any one approach can contribute to significant conservation progress, any single approach also has some non-trivial deficiencies, thereby highlighting fundamental problems in the wholesale movement to one approach while ignoring the other.
Deficiencies of a single, narrowly-focused approach include:
1. The scope of thinking and analysis is curtailed This abridgement leads to missing key ecological and conservation insights, and overlooking important synergies and cumulative effects. Important discoveries and ecological surprises (sensu ) also may be overlooked. 2. A full understanding about a species' role in ecosystem function is lost In a recent interesting example, Goheen and Palmer (2010) reported that Whistling Thorn (Acacia spp.) trees in the African savanna were ''protected'' from elephant herbivory and damage by biting crematogaster ants living in these trees, thereby helping to maintain the ecosystem as a savanna. 3. There is a lack of understanding about the ecosystem basis for species function and species persistence (see Case study #1). 4. Current arguments about biodiversity loss are often based on anthropomorphic goals Such arguments are not focused on maintaining the welfare and function of the full range of biodiversity, frequently devaluing or remaindering biodiversity in response to In essence, the argument in favor of a sole focus on ecosystem-based approaches is a default argument underpinned by the assumption that when an ecosystem is protected, then all of the species within that ecosystem also will be protected. Thus, the ecosystem approach is a form of surrogacy because maintaining a ''healthy'' ecosystem is thought to be a good indicator of ''healthy'' biodiversity (but see Lindenmayer and Likens 2011) .
One argument against this ecosystem-only focus, however, is its potential to hide the enormous biophysical complexity and array of management problems associated with the protection of all biodiversity. Because of their complexity, ecosystems are difficult to understand and require long-term study to improve understanding (e.g. Likens 1992 ). For example, a traditional conservation strategy that is widely regarded as an ecosystem-based strategy is the establishment of protected areas, often to protect some iconic species. Reserves are a fundamentally important part of any comprehensive attempt to protect biodiversity (Lindenmayer and Franklin 2002) and some workers have argued that losses of some groups (e.g. birds) would otherwise have been 25 % greater without the expansion of protected areas around the world (Rodrigues 2006) . However, it is also clear that many species are not found in, or adequately protected by, reserve systems (Elliott et al. 2010; Watson et al. 2010 ) and, therefore, off-reserve management is also critical to maintain biodiversity (Lindenmayer and Franklin 2002) . In yet other cases, it is clear that more coarse-scale ecosystem management would be unlikely to protect some threatened species with particular individual needs and for which knowledge about the specific details of threatening processes are paramount for effective recovery (Caughley and Gunn 1996) . Elegant long-term study by Thomas et al. (2009) on threatened Maculinea butterflies in the United Kingdom is one of many such examples. In that case, ecosystem changes in vegetation structure that were triggered by subtle changes in grazing regimes led to replacement of the host ants needed by butterfly larvae to other ant species that were unsuitable hosts. Maculinea butterflies were then lost from many sites that initially appeared to provide suitable habitat. Successful butterfly conservation entailed integrating an understanding of the ecological processes underpinning ecosystem change with an understanding of the species biology driving population size and persistence (Thomas et al. 2009 ).
Problems with a species-only focus
A species-only approach can fail to have ecological context and, in turn, can fail to address key threatening processes. This may mean that other species are vulnerable and extinction cascades are not tackled. Also, a species-only focus can be too narrowly focused and fail to account for species interactions, keystone roles of species (e.g. Estes et al. 2011) , and fail to acknowledge that species distributions are clearly a function of the distributions of other species as well (Godsoe and Harmon 2012; Montague-Drake et al. 2011) .
Multiple values of an integrated approach
In addition to the strengths and limitations of species-or ecosystem-based approaches, we also have identified, in Table 1 , the kinds of synergies that can arise from their conjoint pursuit and the careful integration of both kinds of research and management. Indeed, we argue that an integrated approach is the only one that makes sense for achieving the goal of truly protecting biodiversity across multiple spatial and temporal scales.
As an example, it is well known that pathogens can affect species-, population-and community-function, as well as biodiversity per se. It is less well known that pathogens also can affect key ecosystem functions, largely through their effect on the species, populations and communities, which comprise ecosystems (see Eviner and Likens 2008 , and references therein).
Almost 30 years ago, Andrewartha and Birch (1984) proposed the importance of understanding the environmental web of direct and indirect effects (the ecosystem context) on target species to be conserved. They constructed 'envirograms' to clarify these relationships. Clearly, to foster robust biodiversity conservation, species must be protected to protect ecosystems and vice versa.
In the following section, we present two case studies, which underscore the value of an integrated species-based and ecosystem-based approach for developing the improved ecological understanding needed to underpin biodiversity conservation.
Case studies highlighting advantages and synergies from integrating ecosystem-based and species-based research in the same place
In this section, we present a series of case studies illustrating advantages and synergies arising from integrating ecosystem-based and species-based research in the same place. The collective experience of these studies indicates that both the species and ecosystem approach have the potential to be very powerful, especially when maintained for a long time (see Lindenmayer and Likens 2010) , but each was even more powerful and management relevant when done together.
Case study #1: the Hubbard Brook Ecosystem Study (HBES)
The HBES had, from the beginning (1963), an ecosystem-based approach at the watershed level. However, it quickly broadened to include a series of species-based studies (e.g. Burton and Likens 1975; Makarewicz and Likens 1979; Marks 1974; Pletscher et al. 1989; Sturges et al. 1974) . Using a watershed-ecosystem, mass-balance approach (Bormann and Likens 1967) , it was discovered that deforestation caused the forest ecosystem to lose its nutrient-retentive character, and large quantities of nitrate and other plant nutrients were lost via stream water following forest disturbance (Likens et al. 1970) . With forest recovery, however, the ecosystem rather quickly (2-3 years) regained its strong nutrient retentive character with regard to nitrogen, and streamwater losses were greatly reduced (Fig. 1) . This surprising biogeochemical result produced a major knowledge gap of great management relevance: What are the mechanisms driving vegetation recovery and the associated biogeochemical (nutrient retention) response?
Developing understanding about forest ecosystem structure and function, particularly recovery from disturbance such as forest clearcutting, was dependent on species (ecosystem structure) responses to disturbance. In the case of the Hubbard Brook Experimental Forest, the location of the HBES, subdominant species like pin cherry (Prunus pensylvanica), that are characterized by an exploitive growth strategy, respond to disturbanceinduced canopy gaps. Seeds of pin cherry, which become buried in the soil, germinate preferentially and quickly in the 1st year following clearcutting. Within *6 years rapid growth rates of pin cherry led to it becoming the tallest and most dominant tree species in these disturbed areas (Marks 1974) . Raspberry (Rubus idaeus) has a similar growth strategy in these northern hardwood forests. By *30 years after major forest disturbance (e.g. by clearcutting), pin cherry trees have died, but this species remains in the ecosystem as seeds buried in the soil (Marks 1974) . Pin cherry has a vital role in regulating ecosystem nutrient loss and erosion through prompt and aggressive nutrient uptake and storage in N-rich tissues and by quick and full canopy development during their early growth and dominance phase following deforestation (Marks 1974) .
This case from the HBES relates directly to the timing of apparent biodiversity (trees vs. buried seeds) in these ecosystems and to the critical role of a subdominant, forest species in regulating the vital ecosystem functions of nutrient loss and erosion following disturbance. The understanding about recovery following major forest disturbance would have been incomplete, and with much more limited management relevance, without the dual, integrated pursuit of both species and ecosystem understanding at this location.
Case study #2: wet forests of Victoria
In contrast to the study at the Hubbard Brook Experimental Forest, research in the wet forests of Victoria commenced at the species level, but then required ecosystem-based research to make progress in ecological understanding (Lindenmayer 2009 ). Study in the wet forests of Victoria commenced in the early 1980s, with the initial aim of improving the conservation of the iconic and nationally threatened species, Leadbeater's Possum (Gymnobelideus leadbeateri). Although the broad-scale distribution limits of Leadbeater's Possum appeared to be generally known, the major knowledge gap was, crudely: Where did the species occur and why did it occur where it did? Research initially commenced as a single-species, habitat-association project. However, it was quickly recognized that ecosystem structure (the abundance of cavity trees) and landscape structure (e.g. the spatial distribution of particular stand ages of forest) might be important predictors of animal occurrence (Fig. 2) . Another knowledge gap then emerged: What are the relationships between ecosystem disturbances like wildfire and logging on vegetation and landscape structure? Ecosystem-level research was needed to resolve these questions and, in turn, quantify the spatial and temporal drivers of habitat suitability for Leadbeater's Possum (Lindenmayer 2009 ). It was then recognized that such ecosystem processes might not only influence the target taxon, but also a suite of other species, which produced a key knowledge gap regarding the extent of potential inter-dependencies between species such as those associated with partitioning of cavity-tree resources. That is, community-based study was needed at an intermediate level between single species-and ecosystem-based research. Perhaps most importantly, informed forest management and biodiversity conservation in these forests required both a detailed understanding of ecosystem disturbances and a rigorous quantification of the habitat requirements of species like Leadbeater's Possum. Indeed, the habitat requirements of Leadbeater's Possum were used to identify zones for special logging prescriptions to enhance the species protection as well as design the locations of meso-scale reserves to be exempt from harvesting (Lindenmayer 2009 ). Moreover, the integration of ecosystem-based study and single-species research (and the synergies between them) was critical for the development of new and alternative standretention approaches to forest logging that: (1) better mimicked the kinds of structural attributes created by natural ecosystem disturbances (wildfire); and (2) better created the kinds of habitat within logged areas that will be suitable for particular species like Leadbeater's Possum (Lindenmayer 2009 ).
Case study #3: the Christmas Island Pipistrelle
Christmas Island is a small and remote island in the Indian Ocean and covers an area of 135 km 2 with 73 km of coastline. Notably, 63 % of the island is the rainforest-dominated Christmas Island National Park. The status of biodiversity and ecosystem conditions on Christmas Island is an excellent, yet tragic, example of the need to undertake both speciesbased and ecosystem-level research and management simultaneously. Christmas Island has suffered several confirmed global extinctions of mammals (two native rodent species Maclear's Rat Rattus macleari and Bulldog Rat R. nativitatis), and two probable global extinctions of mammals-the Christmas Island Shrew (Crocidura trichura) and the Christmas Island Pipistrelle (Pipistrellus murrayi). In addition, it is also probable that seven plant species and several invertebrate species are now globally extinct.
The most recent and possibly most high-profile extinction is that of the Christmas Island Pipistrelle, the only insectivorous bat on the island. It went extinct in 2009 (Beeton et al. 2010; Martin et al. 2012 ). The drivers of its extinction are not known. However, there has been an array of major changes in the ecological dynamics of Christmas Island that are likely contributors to the extinctions, either individually or collectively. Moreover, altered ecosystem dynamics outside reserve areas have penetrated the extensive reserve system on Christmas Island. For example, substantial areas of Christmas Island have been mined for phosphate and there have been introductions of many non-indigenous species including the Yellow Crazy Ant (Anoplolepis gracilipes) and the Giant Centipede (Scolopendra morsitans). Large increases in populations of the Yellow Crazy Ant have triggered dramatic losses of the Island's endemic Red Crab (Gecarcoidea natalis). The Red Crab is a classic keystone species that influences the structure, composition and functioning of tropical rainforest. However, the Yellow Crazy Ant kills significant numbers of Red Crabs, leading to changes in rainforest structure, including understory and litter characteristics. Beeton et al. (2010) speculated that either as a direct result of the decline in the Red Crab or indirectly through altered vegetation structure, introduced invertebrates (e.g. the Giant Centipede) have increased in abundance, but native invertebrates that were prey for the Christmas Island Pipistrelle have decreased in abundance. Such altered invertebrate community composition then either reduced the availability of prey for the Christmas Island Pipistrelle and/or disrupted suitable nesting sites. This example of the global extinction of the Christmas Island Pipistrelle led senior officials in the Australian Government to suggest that a species-based approach to biodiversity conservation should be replaced by an ecosystem-based approach to conservation. We believe that this is a mistake, however, because the array of ecological problems and impacts on Christmas Island suggest that effective biodiversity conservation requires not replacing one approach with another, but rather the informed integration of: (1) targeted management programs to conserve individual native species, (2) targeted programs to control individual, introduced species (see also Beeton et al. 2010) , (3) well-focused research to elucidate key ecosystem-level processes and dynamics (such as tropical rainforest regeneration), and (4) study that identifies the inter-relationships between (1), (2) and (3) such as the keystone role of individual species like that of the Red Crab in tropical rainforest dynamics, the interactions between individual species (such as the Red Crab and the Yellow Crazy Ant), and the cascading effects of such inter-relationships like those on leaf-litter dynamics, invertebrate communities, and predator-prey relationships underpinning the persistence of species such as the Christmas Island Pipistrelle.
Case study #4: large mammalian herbivore-ecosystem interactions: a case study from the boreal forests of Isle Royale Large mammalian herbivores have long generation times and range over large areas. Their foraging can greatly change plant species composition, net primary productivity, litterfall, and soil nitrogen availability over long periods and large areas of the landscape (Danell et al. 2006) . One research program, which clearly elucidated these long-term and largescale processes, involved the careful integration of species-level study on moose and ecosystem-level study on browsing disturbance, vegetation structure, and nutrient cycling in the boreal forests of North America.
Because a moose is a large herbivore requiring *10 kg of dry matter per day, it can have a major effect on forest structure. Moose exert substantial control over plant species composition, net primary productivity, litterfall, and soil nitrogen availability across large areas of boreal landscapes (Pastor et al. 1993 (Pastor et al. , 1988 Persson et al. 2009 ). The nature of this control varies with the phase of the moose population cycle. The integration of long-term single species study with long-term ecosystem-level studies of soil and litter nutrients and vegetation structure was needed to gain full understanding and management relevance of how moose control ecosystem processes (De Jager and Pastor 2009; Pastor et al. 1998 ).
Case study #5: salmon and vegetation development in British Columbia
Nutrient subsidies from salmon (Oncorhynchus spp.) carcasses have been found to shift plant communities in terrestrial, riparian ecosystems toward nutrient-rich species, decreasing plant diversity (Hocking and Reynolds 2011) . This effect of nutrient transfer by anadromous fish movements between marine, freshwater and terrestrial ecosystems on terrestrial plant diversity was reported for a large number of watersheds, particularly for smaller and less productive watersheds, in British Columbia, Canada, and provides a clear example of the role of a species in affecting biodiversity through changes in community and ecosystem structure. Ecosystem management (e.g. salmon harvesting, predator reductions) likewise can influence the relation of nutrient transfer by aquatic animals on terrestrial plant diversity. Notably, without integrating both species-level phenomena (mass mortality of a single species) and ecosystem-level dynamics (e.g. movement of nutrients), important inter-relationships between the two would not have been identified and key nutrient-derived processes driving spatial patterns of plant species richness and ecosystemlevel structure would not have been understood.
Case study #6: species losses and gains and ecosystem change in Booderee National Park, south-eastern Australia Booderee National Park (BNP), in the Jervis Bay Territory of south-eastern Australia, is an iconic reserve that is characterized by extensive areas of coastal heathland as well as other vegetation types of major conservation significance such as threatened Casuarina glauca woodland. It also is a major stronghold for many vertebrates of conservation significance such as the highly endangered Eastern Bristlebird (Dasyornis brachypterus). Study conducted over the past decade is indicating that BNP is fast becoming a classic ''riches to rags'' story highlighting why it is critically important to integrate both species-level and ecosystem-level study.
The arboreal marsupial assemblage at BNP has become a particular concern. The Yellow-bellied Glider (Petaurus australis) became extinct in BNP in the 1980s and in the past few years the formerly common Greater Glider (Petauroides volans) was lost from the park ). In addition, recent survey study has indicated that populations of the Common Ringtail Possum (Pseudocheirus peregrineus), which was widespread and common just a few years ago are in severe decline and possibly on the verge of local extinction (i.e. lost from BNP). The basis for these species declines and local extinctions is not known . At the same time there have been substantial increases in the abundance of species like the Common Brushtail Possum (Trichosurus vulpecula), which may be a competitor for cavities with species like the Greater Glider and the Common Ringtail Possum.
There have been other major changes in BNP. Extensive baiting for exotic predators, such as the Red Fox (Vulpes vulpes), has been undertaken for the past decade and the numbers of these animals have been reduced dramatically. It is possible that this reduction has had a perverse effect on species such as the Greater Glider and the Common Ringtail Possum through changes in composition of the predator guild at BNP (e.g. the composition and abundance of large forest owls; . Other major changes in BNP include a massive increase in browsing pressure from herbivores like macropods, which is, in turn, leading to major effects on plant species richness and cover (Dexter et al. 2012) .
BNP is clearly undergoing rapid and highly significant changes in the abundance of individual species, the composition of particular assemblages, and ecosystem dynamics like patterns of vegetation cover and key ecosystem processes including predator-prey relationships. Determining the best ways to manage BNP will now take not only targeted specieslevel and ecosystem-level research but also the strategic integration of the two approaches. This integration will be essential to identify the ecological processes underpinning the patterns of species and guild abundance as well as key inter-species interactions.
Case study #7: trophic cascades in Yellowstone National Park Yellowstone National Park (YNP) is arguably one of the most well-studied environments on Earth. An array of studies in YNP has shown how the loss of apex predators such as the Wolf (Canis lupus) led to massive changes in top-down interactions that, in turn, had very large structuring effects on the ecosystem. For example, riparian vegetation in parts of YNP was subject to severe suppression as a result of long-term browsing by Elk (Cervus canadensis). Following the re-introduction of the Wolf in 1995 and 1996, riparian areas were released from long-term browsing pressure by Elk with enormous changes in vegetation structure and plant species composition (Ripple and Beschta 2003) . This example from YNP is one of a plethora of similar cases of major interactions between particular predator species and their prey, which, in turn, have significant effects on ecosystem structure, ecosystem composition and the structure of many animal and plant assemblages (e.g. Ripple and Beschta 2008; reviewed by Estes et al. 2011) .
Other examples of the value of integrating species and ecosystem approaches
The complementarities and synergies of single species-and ecosystem-based research arising in the suite of case studies outlined above are far from isolated examples. For instance, studies in North America and Africa have highlighted how the structure and composition of extensive wooded ecosystems are heavily influenced by inter-specific interactions through food-webs and trophic cascades (e.g. Estes et al. 2011; Goheen and Palmer 2010; Ripple and Beschta 2008; Sharam et al. 2009 ). Similarly, Nicol and Possingham (2010) outlined how detailed species-specific information was needed to make sound decisions about ecosystem restoration. Clearly, in all of these cases (and many others; Harmon et al. 2009 ), the integration of ecosystem-and species-level research has been essential for both informed ecosystem management and the informed management and conservation of particular species in these ecosystems. Of course, there are many cases in which a single species is a keystone or reverse keystone species (e.g. Manning et al. 2006; Terborgh 1986; Watson 2001) and it is therefore critical to study and manage these species along a continuum of informed species-based and ecosystem-based management.
Key lessons
We outline below seven fundamentally important lessons about the important synergies that arise from species and ecosystem-based approaches that emerged from the case studies in the previous section.
Lesson #1: better recognition of the power and synergy of integrated approaches
There is a need to recognize the synergies arising from integrating and synthesizing species and ecosystem approaches, but which can be lost from a sole focus on one approach (Table 1 ; Fig. 3) . In tackling the biodiversity crisis, the ultimate aim has been to reduce levels of species loss first, but perhaps it also should be to maintain vital ecosystem functions. However, the two don't always go together as seen from recent study on ''novel'' ecosystems (e.g. Lugo 1992; Mascaro et al. 2009 ). Also, multi-faceted approaches are critical for understanding (and then managing) complicated ecosystems as shown in our case studies. These interactions can sometimes be very complicated (e.g. the effect of simultaneous gains and losses of species on ecosystem processes is poorly known; Wardle et al. 2011).
Lesson #2: better recognition of the power of long-term studies There is a strong need for question-driven research to persist long enough in a given area to accumulate sufficient data and generate new insights that link species-based and ecosystem-based study effectively (De Jager and Pastor 2009; Lindenmayer and Likens 2010; Thomas et al. 2009 ). Long-term study highlights how different kinds of study are, or should be, connected, and suggests how species approaches, ecosystem approaches (and the various approaches between these ''book ends'') fit together along a continuum for protecting biodiversity.
There are many ecological phenomena that need a long-term focus in research and monitoring to facilitate successful integration of information. Such integrated results drawn from long-term study are likely to be richer in underpinning, and thus more likely to be relevant to management interventions and biodiversity conservation, than insights based on short-term investigations (Lindenmayer and Likens 2010) . For example, long-term bird monitoring by the Audubon Society has led to partnerships with the Land Owner Stewardship Program toward restoring riparian zones throughout northern California.
Lesson #3: avoidance of fragmentation of research and the creation of ''silos'' When embarking on studies with ecosystem-based and species-based goals, we suggest that it is important to be careful not to let the study become too fragmented. Both kinds of Fig. 3 Hypothetical species-loss responses to species-based, ecosystem-based and integrated, species-based and ecosystem based approaches, with (RKG) and without (BAU) identifying and resolving key knowledge gaps, with time. BAU business-as-usual, RKG resolving key knowledge gaps study need to be connected to a central core of ideas around knowledge gaps, key questions, conceptual models and management relevance (Fig. 4) . Given limited time and money, there is a need to be strategic by focusing on knowledge gaps rather than doing research using a single ''approach''. Indeed, this is evident from progress made in successful conservation efforts like those for Maculinea butterflies (Thomas et al. 2009 ), the development of conservation strategies for threatened species like Leadbeater's Possum (Lindenmayer 2009 ), and changes in over-browsed riparian ecosystems in Yellowstone National Park (Romme et al. 2011) .
We suggest that much effort and therefore thought need to be given to identifying, analyzing, and then closing key knowledge gaps by answering relevant questions. Such question-driven research also should be guided by a well-formulated, conceptual model. This can guide the efficient development of questions and, in turn, the selection of an appropriate research approach to address those questions. Strategically, the dominant focus could shift between species and ecosystems depending on the knowledge gaps and key questions in helping to bridge the gap produced by limited resources (see Fig. 5 ).
An example of the vital importance of filling knowledge gaps to ensure that research is policy and management relevant is provided by the early studies of acid rain in the HBES. Following the surprising finding that precipitation at the Hubbard Brook Experimental Forest was unusually acid (Likens 2010) , knowledge gaps about why it was acid, the source of acidity, how long had it been acid, what was the background value, and what were the ecological impacts on both species and ecosystems, loomed large in the policy and management arenas because of powerful vested interests resisting regulation. Years of effort and scores of studies were done to fill these knowledge gaps and to support passage of U.S. Federal legislation (1990 Clean Air Act Amendments; see Likens 1992 Likens , 2010 ).
Lesson #4: improved cross fertilization with other studies Integrating species and ecosystem research allows robust testing of ecological theory and provides an appropriate ecological context for management (see Case study #1 from the Hubbard Brook Experimental Forest). It also helps to identify where there are similarities and differences between the study system being targeted for research and management and other systems. It should help conservationists and managers understand that not every case is unique, but rather that there can be some important cross-system learning and guidance for management. For example, the Millennium Assessment developed broad conceptual frameworks for conservation of biodiversity, ecosystem processes and the services they provide, which can foster cross fertilization (Millennium Ecosystem Assessment 2005).
Lesson #5: increased management-relevance and longer lasting management ''solutions'' Integrating along the continuum of approaches can produce realistic, effective and efficient management for the conservation of both species and ecosystems. Integration often will produce deeper understanding about how processes are inter-related (see Case study #5), how patterns are underpinned by other patterns (e.g. Case study #2), and how processes influence patterns (e.g. Case study #3). Such understanding gives a more holistic basis for management decisions. Without integration, there is likelihood of making isolated ) and in turn failing to address the underlying driver of change. The problems in Booderee National Park (Case study #6) provide a sobering example-one species is lost, then another and then yet another. In this case (and many others), effective management demands the use of a range of approaches to determine what is happening with each species as well as how ecosystems are changing.
Lesson #6: increased transparency of management Frequently, tension exists among the public, research and management sectors about attempts to conserve biodiversity. Is the goal to conserve a high-profile species or an iconic species or is it to conserve as much of the biota as possible? We implore managers and policy makers to be far more transparent about what the objectives are in a proposed conservation management plan. Such transparency often will drive whether a species-based approach is needed, an ecosystem-based approach, or ideally an integrated combination of the two (Fig. 5) . The synergy of approaches is likely to yield far greater conservation results than the sum of the two separate approaches.
Lesson #7: increased likelihood of detecting surprises Integrating species and ecosystem approaches increases the possibility of detecting surprises (sensu Lindenmayer and Likens 2010) that can have important (and previously unknown), management relevance for protecting biodiversity (Fig. 4) . There have been true ecological surprises in many of the studies we have described here. They were really only tractable by integrating species-level and ecosystem-level study, such as at the Hubbard Brook Experimental Forest and in Victoria (Case studies #1 and #2). For example, it would not have been thought that a common, widespread species like the Greater Glider would have crashed, followed by the Common Ringtail Possum (Case study #6)-but these results need to be examined in the context of broader ecosystem-level and community-level study to understand what is happening.
Concluding comments
Our aim in this study was not to perpetuate the debate about the relative merits of ecosystem versus species approaches (c.f. Thompson 2010), as we view the ''either/or'' approach as having limited value. Rather, we have sought to emphasize that critical new scientific and conservation insights can arise from aggressively combining ecosystembased and species-based approaches along a continuum. Moreover, integrating information from these approaches is particularly powerful for developing management-relevant understanding. We have shown the potential for synergies from case studies that had different starting points for the research. We also have demonstrated that both ecosystembased and species-based approaches are critical because biodiversity itself is clearly a multi-scaled and multi-faceted concept (Lindenmayer and Franklin 2002) . Therefore, attempts to conserve biodiversity must also be multi-faceted in approach and thinking. We also argue that for conservation efforts to be efficient and effective, it is critical for them to be driven by study that closes key knowledge gaps through posing of well-developed questions; then employing knowledge that takes account of ecological interactions at all levels of organization to answer those questions. These questions must, in turn, be motivated within the context of the need for critical responses and management interventions to protect biodiversity, either at the ecosystem level or at the species level (Table 1; Figs. 3, 5) . These arguments suggest the need to be aware that important insights can be lost when one approach is used at the exclusion of the other. Unfortunately, fads are common in ecology and conservation biology, where different approaches wax and wane in popularity at particular points in time, often with regional or continental preferences (see Lindenmayer and Likens 2010) . Thus, arguments such as those by Thompson (2010) and the Australian Government (Garrett 2009 ) that an ecosystem approach is superior to a species-based approach are simplistic, unproductive, not cost effective, and miss the critical point that good science and effective conservation management must be driven by identifying knowledge gaps and then closing them with answers to well-defined and tractable questions.
